Power generation performance of the thermoelectric module consisting of the Sb-doped Heusler Fe 2 VAl alloy was evaluated. For the construction of the module, conduction type controlled Fe 2 VAl alloys were prepared by adjusting the valence electron density. For the enhancement of thermoelectric properties of the n-type Sb-substituted Fe 2 VAl alloy, Al site was additionally substituted by Si. In order to change the conduction type from n-type to p-type, additional Ti substitution for the V site was examined and large positive Seebeck coefficient was obtained. Power generation test of the module consisting of these alloys was conducted on a hot plate of 573 K in air. The maximum output power of the thermoelectric module consisting of 18 pairs of p-n junction was estimated to be 2.5 W. The reduction of thermal conductivity by the Sb-doping increased temperature difference at thermoelectric elements, resulting in the enhancement of output power.
Introduction
Thermoelectric devices have recently attracted renewed interest for their potential application in clean energyconversion systems. Especially, vast amounts of low temperature waste heat are targeted for thermoelectric power generation in order to enhance the energy utilization efficiency. The conversion efficiency of a thermoelectric device depends mainly on the material's thermoelectric properties, which are evaluated using the thermoelectric figure of merit Z (¼ S 2 =, where S is the Seebeck coefficient, is the electrical resistivity, and is the thermal conductivity). In addition, the power generation ability of a material under certain temperature difference can be estimated using thermoelectric power factor PF (¼ S 2 =). A Heusler alloy, Fe 2 VAl, is a promising candidate for thermoelectric power generation near room temperature because of its high PF, such as 5.4 mW/mK 2 at 300 K. 1) In a Fe 2 VAl system, the enhancement of PF value and the control of conduction type can be realized simultaneously by the partial element substitution, such as Si for the Al site for n-type and Ti for the V site for p-type. 1, 2) Therefore, thermoelectric module consisting only of the Fe 2 VAl system can be fabricated.
3)
The disadvantage of the Fe 2 VAl alloy is high : ca. 28 W/mK, resulting in low Z value. Consequently, its thermoelectric energy conversion efficiency is much less than that of state-of-the-art thermoelectric materials. Reduction of is therefore necessary for practical applications. Recently, we fabricated microstructured Fe 2 VAl material using mechanical alloying and pulse-current sintering.
4) The sintered alloy consisted of submicrometer-sized grains. Therefore, was reduced by the increase in the number of grain boundaries, and then thermoelectric performance was improved. In addition, for the further reduction of , we doped a heavy element of Sb into the Heusler Fe 2 VAl structure to achieve reduction effect within grains by the mass-difference scattering in the crystal lattice.
5) Furthermore, we have demonstrated the additional element substitution is effective for the enhancement of PF and for conduction type control while maintaining low value. 5, 6) In this study, to verify the reduction effect on power generation performance, a thermoelectric module consisting of Sb-doped Fe 2 VAl sintered alloy was constructed and power generation capacity was investigated.
Experimental
Sintered bulk materials of the Heusler Fe 2 VAl alloy were fabricated by the powder metallurgical process. Details of preparation procedure were described in previous papers. [4] [5] [6] p-type Fe 2 V 0:84 Ti 0:16 Al 0:97 Sb 0:03 and n-type Fe 2 VAl 0:9 Si 0:07 -Sb 0:03 powder prepared by mechanical alloying were sintered using a pulse-current sintering technique. The substitution amount of Sb, Ti and Si was determined based on the previous investigations. 5, 6) For a comparison, the solo Sbsubstituted Fe 2 VAl 0:97 Sb 0:03 sintered alloy was prepared to clearly indicate Sb-doping effect on the thermoelectric properties. In addition, p-type Fe 2 V 0:9 Ti 0:1 Al and n-type Fe 2 VAl 0:9 Si 0:1 sintered alloy was also prepared as a conventional thermoelectric Heusler alloy without Sb-doping. The obtained bulk samples were cut into a bar shape with a typical size of 2 Â 2 Â 10 mm 3 for the measurement of and S and into a cubic like shape with a typical size of 4:5 Â 4:5 Â 4:2 mm 3 for the construction of thermoelectric devices. Separately prepared bulk samples, with a typical size of 10 mm diameter and 2 mm thickness, were used for the measurement of . The cubic like shaped sintered materials were connected with a copper electrode. Detail process for producing a thermoelectric module was described in the previous paper.
The thermoelectric properties of the sintered alloys were evaluated. was measured in a He atmosphere between 350-750 K using a conventional four-probe DC technique. S was calculated from a plot of thermoelectric voltage against the temperature difference. was evaluated from the density (D), Materials Transactions, Vol. 52, No. 8 (2011) pp. 1546 to 1548 Special Issue on Thermoelectric Conversion Materials VI #2011 The Thermoelectrics Society of Japan thermal diffusivity (), and heat capacity (C p ) with the relationship ¼ D Â Â C p . Of those parameters, D was measured using the Archimedes method; and C p were evaluated using the laser flash method. The electricitygenerating capacity of the thermoelectric module consisting of 18 pairs of p-n junctions was measured by changing load resistance using an electronic load system. Output power (P) was calculated from measured output voltage (V) and current (I). A temperature difference (ÁT) was produced by a hot plate and circulating cooling water at a temperature of 293 K.
Results and Discussion
The XRD measurement was performed on sintered alloys to investigate the constituent phase of obtained samples. As shown in Fig. 1 , all diffraction peaks from every sample were attributed to the Fe 2 VAl Heusler-type (L2 1 ) structure. No trace of an impurity phase or secondary phase, such as oxides or remaining raw materials, was observed. This result means that the all obtained Fe 2 VAl samples containing more than one substitution element form the Heusler phase solid solution alloy. Figure 2 shows temperature dependence of S in the sintered alloys. The reported band-structure calculations suggested that the Fe 2 VAl is a semimetal with a steep pseudogap at the Fermi level. 7, 8) Since the Fermi level lies around the bottom of pseudogap, S produced by electrons and holes should nearly neutralize each other, resulting in a small value of S in the non-substituted Fe 2 VAl alloy.
1) The absolute S value was enhanced by the Sb substitution resulting from the electron doping, because the number of valence electrons of Sb is larger than that of Al.
The additional Si substitution enhances the n-type property by the further electron doping effect especially for the higher temperatures. As shown in Fig. 2 , the S value in the sample with the double substitution of Sb and Si is as high as that in the Fe 2 VAl 0:9 Si 0:1 , which was reported as a high-performance n-type Heusler alloy. 1) For the additionally Ti-substituted sample, the valence electron density is reduced and the Fermi level can be shifted from a conduction-band to a valence-band, because the number of valence electrons of Ti is lower than that of V. As a result, S value was changed to a positive value. The S value in the sample with the double substitution of Sb and Ti is as high as that in the Fe 2 V 0:9 Ti 0:1 Al, which was reported as a high-performance p-type Heusler alloy.
2) From these results, sintered alloys having sufficiently large absolute S value can be prepared by the element substitutions for both n-and p-type material. Figure 3 shows the temperature dependence of . For the solo Sb-substituted sample, although can be reduced by the electron doping compared to the non-substituted Fe 2 VAl alloy, such as 10 mm at 300 K, its value remains high especially for the lower temperatures because of the low limit of the Sb substitution amount. 5) On the other hand, the additional Ti and Si substituted sample shows the lower value comparable to the reported high-performance Heusler alloys.
1,2) These results of S and suggest that the electronic part of thermoelectric property in the Sb-doped Fe 2 VAl Heusler alloy is sufficiently optimized by the additional element substitution.
As shown in Fig. 4 , measurement results clearly indicate that the Sb-doping is effective to the reduction of . In addition, in contrast to the electronic properties, the additional Ti substitution has little effect on the value. Since the difference in atomic mass and radius between V and Ti is small, the value should be less affected by the additional Ti-substitution. For the additional Si substitution, slight decrease in was observed. Although the difference in atomic mass between Al and Si is also small, these two elements differ somewhat in atomic radius. Therefore, this further reduction of is mainly due to the additional lattice distortion arising from the difference in atomic radius between Al and Si. Power generation capacity of the thermoelectric module consisting of these Sb-doped Heusler Fe 2 VAl alloys was evaluated. The power generation test was performed using the thermoelectric module consisting of 18 pairs of p-n junction (Fig. 5) . One side of the module was heated by a hot plate and the other side was cooled by a copper heat sink with circulating water of 293 K. As shown in Fig. 6 , V and P value increase with the increasing the hot plate temperature (T h ). The maximum output power at T h ¼ 573 K reaches 2.5 W. Since the heat receiving area of this module is about 35 Â 35 mm 2 , the output power density is estimated to be 0.2 W/cm 2 . This output power density value is twice as high as that of the thermoelectric module consisting of the Heusler Fe 2 VAl sintered alloys without Sb doping such as p-Fe 2 V 0:9 Ti 0:1 Al and n-Fe 2 VAl 0:9 Si 0:1 measured in the same heating and cooling condition.
3) As shown in Fig. 2 and 3 , since the electronic part of thermoelectric properties of Sb-doped Heusler sintered alloys were optimized and is almost the same as the conventional p-and n-type materials, V and P from these two modules should also be the same assuming the equivalent ÁT was achieved for both modules. However, in practice, it is difficult to apply the same ÁT to the modules having the different thermal conductance because the heat supplying and absorbing capacity of our experimental setup is finite and small compared to an ideal infinite heatingcooling source. Therefore, the lager V and P value from the module consisting of Sb-doped Heusler alloy arise from the larger ÁT at the thermoelectric element resulting from the reduction of . Actually, the ÁT in the Sb-doped Heusler module at T h ¼ 573 K calculated from open circuit voltage and Seebeck coefficient is about 180 K, which is much larger than that in the module consisting of the Heusler sintered alloys without Sb doping such as 120 K.
3) This result indirectly indicates the enhancement of energy conversion efficiency of thermoelectric module.
Conclusions
The thermoelectric module consisting of Sb-doped Heusler Fe 2 VAl sintered alloy was fabricated. The reduction of by the heavy element Sb doping effectively improves the ÁT at the thermoelectric element in the module when applying finite heat flow. As a result, obtained P from the module consisting of Sb-doped Heusler alloy is twice as high as that from the module consisting of Heusler alloy without Sb-doping. Although P density of 0.2 W/cm 2 on the heat source of 573 K is still lower than the state-of-the-art thermoelectric module, such as 1 W/cm 2 of a Bi-Te module, 9) we expect that the low-cost constituent element and the high durability of the Heusler alloy provide an advantage in practical application. 
